by which radiation negatively influences brain function (including both the location and the specific type of the damage) as well as the reasons for the observed profound age dependency are unknown.
Historically, studies of radiation-induced cognitive deficits have focused on the loss of neural progenitor cells in the hippocampus. In recent years, interest has grown in how radiation affects neuronal structure and function, mainly in the hippocampus, as memories are thought to be encoded by modification of synaptic strength. In terms of neuronal architecture, radiation has been shown to affect the morphology of hippocampal dendritic cells. 4 Functionally, we found in a previous ex vivo study that radiation suppresses long-term potentiation (LTP) in the hippocampal dentate gyrus. 5 LTP represents a persistent strengthening of synapses and is the most promising cellular correlate of learning and memory. 6 We later extended these studies to demonstrate that radiation causes rapid and dynamic changes in the synaptic structural plasticity of cultured hippocampus cells. 7 Notably, we also implicated abnormal glutamate signaling as a mechanism underlying both structural and functional deficits in the hippocampus. 7 To date, no studies have investigated changes in neuronal integrity or function after radiation in brain regions outside the hippocampus that control higher-order cognitive functions beyond memory. The prefrontal cortex (PFC), which is one the main cortical inputs to the hippocampus, is crucial not only for memory but also for diverse cognitive processes, including perception, decision making, and emotion. 8 A direct monosynaptic pathway originates in the hippocampal cornu ammonis 1 (CA1)/subicular region and projects to the medial orbital and prelimbic areas of the PFC. 9 The plasticity of synapses within this pathway has been investigated and highlighted in several theories of cognitive function. [10] [11] [12] Given the known effects of radiation on attention and other cognitive domains controlled by extra-hippocampal brain regions, 13 we hypothesized that radiation would adversely affect synaptic plasticity in the PFC. To test this hypothesis, we exposed both adult and juvenile rats to cranial irradiation and assessed LTP at set intervals thereafter using in vivo recordings along the CA1/subicular-PFC direct pathway. We further tested whether the N-methyl-D-aspartate (NMDA) antagonist memantine influenced the effects of radiation on LTP in this pathway.
Materials and Methods
The Institutional Animal Care and Use Committee of The University of Texas MD Anderson Cancer Center approved all procedures in accordance with federal guidelines.
Animal Care and Preparation
Male 20-day-old (juvenile) or 8-week-old (adult) Sprague Dawley rats from Harlan Laboratory were used in all experiments. Animals were housed with food and water ad libitum in a temperature-controlled room (23 ± 0.5°C) with a 12-hour light/dark cycle. For drug treatment studies, memantine (5 mg/kg) or the same volume of water (vehicle control) were delivered by oral gavage at 25 hours and 1 hour before cranial irradiation or at 1 hour and 25 hours after cranial irradiation. On day 0, rats were anesthetized with isoflurane and either irradiated to a dose of 10 Gy with an XRAD 225Cx (Precision X-Ray) or given sham radiation. A single dose of 10 Gy was used in the present study, since previous studies have shown cognitive impairments and altered expression of the plasticity-related immediate early gene Arc in rodents at this dose. [14] [15] [16] Electrophysiology Recording In Vivo On days 3, 14, 28, and 56 after irradiation, rats were anesthetized with urethane (Sigma, 1.5 g/kg i.p.) and placed in stereotaxic frames with body temperature maintained at 37°C by a homeothermic warming blanket. Tungsten microelectrodes (WPI) were positioned in the PFC through a small burr hole in the skull by using coordinates based on the atlas of Paxinos and Watson 17 (adult rats: 3.0 mm anterior to bregma, 0.8 mm lateral to the midline, 3.5-4.0 mm deep; juvenile rats: 1.2 mm anterior to bregma, 0.3 mm lateral to the midline, 1.7-2.2 mm deep). A bipolar concentric stainless steel stimulating electrode (150 µm outer diameter with a 300 µm tip separation; WPI) was placed in the CA1/subicular region of the hippocampus (coordinates for adult rats: 6.5 mm posterior to bregma, 5.5 mm lateral to the midline, 5.5-6.5 mm deep; and for juvenile rats: 3 mm posterior to bregma, 2.2 mm lateral to the midline, and 2.7-3.3 mm deep) ipsilateral to the recording site. (Electrode
Importance of the study
Patients with brain tumors can experience significant cognitive dysfunction after cranial irradiation. Cognitive dysfunction is most pronounced in pediatric cancer survivors, and both adults and children experience deficits in attention and other higher cognitive domains. Investigations in previous decades have focused on deficits in learning and memory, with a focus on neurogenesis and the hippocampus. However, the mechanisms underlying attentional and other deficits remain unknown. This study describes age-dependent deficits in cortical synaptic plasticity that were prevented by the N-methyl-D-aspartic acid (NMDA) receptor antagonist memantine. These results provide evidence for direct, NMDA receptor-dependent, cortical neuronal injury after radiation and reveal pathways that may underlie age-dependent outcomes.
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positioning is depicted in Supplementary Figure S1A -B.) Electrical stimulation of the CA1/subicular region evoked a characteristic monosynaptic excitatory postsynaptic field potential (PSP) in the PFC with a peak latency of 18-22 ms, as observed previously. 12 Test pulses (100 µs) were delivered every 30 s at an intensity that evoked a response of 70% of its maximum. At this intensity, the field potential is most likely to reflect summated PSPs. Field potentials were amplified, filtered (bandpass 0.1 Hz to 3 kHz), and digitized at 20 kHz. No PSP was detected if either electrode was off target (Supplementary Figure S1C) .
Once 20 minutes of stable baseline data were recorded, high-frequency stimulation composed of 2 series of 10 trains (250 Hz, 200 ms) at 0.1 Hz was delivered to the CA1/ subicular at test intensity. This was followed by an additional 20 minutes of recording from the PFC with test stimulation. The PSP amplitudes induced by the test pulses before and after high-frequency stimulation were expressed as a percentage change of the mean response (Fig. 1 ).
Electrodes were marked with DiI dye on their surfaces to identify the tracks left by extracellular microelectrodes. 18 At the end of each experiment, rats were perfused with 4% paraformaldehyde solution while still deeply anesthetized, and the brain was removed and fixed for 24 hours in 4% paraformaldehyde and then cryoprotected in 30% sucrose until it sank. The brain was then sectioned (50 µm), mounted onto glass slides, and stained with cresyl violet for histologic confirmation of the locations of both the recording and stimulating electrodes. Data are reported only for those rats in which the electrodes were confirmed to be in the PFC and CA1/subiculum regions.
Statistics
Statistical analyses were done with Microsoft Excel and SPSS. All data are expressed as means ± SEM. Potential differences between groups were calculated by analysis of variance with repeated measures, followed by a Tukey post hoc test for multiple comparisons. P-values of <0.05 were considered statistically significant.
Results

Radiation Inhibits LTP at the Hippocampal-PFC Pathway
High-frequency stimulation was used to trigger LTP along the hippocampal-PFC pathway. As shown in Fig. 1 and Supplementary Figure S1C , an immediate and prolonged increase in the amplitude of PFC potentials was observed immediately after the conditioning stimuli (153.5% ± 1.6% [n = 6], P < 0.01 vs baseline). In adult rats that received 10 Gy of whole-brain radiation, the postsynaptic field potential amplitude at 3 days afterward had decreased to 104.9% ± 1.2% after the conditioning stimuli, which was not statistically different from the baseline value ( Fig. 1 ). This inhibition agrees with previous studies involving hippocampal slices, in which radiation inhibited synaptic function in the dentate gyrus region of the hippocampus within 30 minutes. 5 
LTP Is More Vulnerable to Radiation-Induced Inhibition in Juveniles than in Adults
To investigate whether age affects the radiation-induced inhibition of LTP at hippocampal-PFC pathway synapses, we irradiated adult and juvenile rats with a single dose of 10 Gy and measured LTP 3 days, 14 days, 28 days, and 56 days later. LTP was significantly decreased in both adult (104.9% ± 1.2% [n = 6]) and juvenile rats (102.5% ± 1.2% [n = 6]) [F (2,57) = 442.2, P < 0.01 vs sham] at 3 days after irradiation ( Fig. 2A) . No significant difference was found in LTP amplitude between adults and juveniles (P = 0.398).
The LTP recovered slowly after irradiation in adult rats (Fig. 2) . Amplitudes of PSPs increased to 143.8% ± 1.1% at 8 weeks from being completely inhibited at 3 days after radiation. Strikingly, rats irradiated as juveniles experienced no such recovery; the LTP amplitudes of juvenile rats remained depressed relative to baseline levels at 5 months after irradiation ( Fig. 2 and Supplementary Figure S2 ). No differences were detected at any time during the 8 weeks after irradiation [F (3,76) = 1.063, P = 0.370].
Giving Memantine Before but Not After Irradiation Prevents Radiation-Induced Inhibition of LTP
Memantine is a noncompetitive, low-affinity NMDA receptor (NMDAR) antagonist initially used to treat Alzheimer's disease. 19 Memantine has had moderate neuroprotective effects against radiation-induced brain damage in Cranial irradiation inhibits long-term potentiation at the hippocampal-prefrontal cortex pathway. Cranial irradiation to a dose of 10 Gy inhibits long-term potentiation (LTP) at the hippocampal-PFC pathway. A baseline was obtained and confirmed to be stable for 20 minutes before high-frequency stimulation (HFS) was applied. The postsynaptic potential amplitudes indicate potentiation of synaptic transmission relative to the baseline. LTP amplitude was 153.5% ± 1.6% (relative to baseline) in sham radiation controls (n = 6), dropping to 104.9% ± 1.2% in irradiated rats (n = 6) at 3 days after irradiation. Two-way analysis of variance with repeated measures showed significant differences between treatment groups [F (3,76) = 103.8, P < 0.001].
laboratory experiments 5, 20 and in clinical trials. 21 Here, we tested whether memantine would protect against radiation-induced suppression of LTP in the hippocampal-PFC pathway.
Memantine or vehicle was given by oral gavage at 25 hours and 1 hour before irradiation or sham treatment.
In each group, 6 rats were used and identical stimuli applied to induce LTP at 3 days after treatment (radiation or sham). Memantine alone did not affect synaptic plasticity in the hippocampal-PFC pathway, as no differences were observed in LTP amplitudes between memantinetreated and vehicle-treated control groups without irradiation (Fig. 3A) . Radiation-induced inhibition of LTP at the hippocampal-PFC connection was at least partially blocked Long-term potentiation in juvenile rats is more vulnerable to sustained radiation-induced inhibition than in adults. Long-term potentiation (LTP) at the hippocampal-PFC pathway was measured in juvenile and adult rats at (A) 3 days, (B) 14 days, (C) 28 days, and (D) 56 days after irradiation (RT). The amplitudes of postsynaptic potentials in adult rats were 104.9% ± 1.2% (relative to baseline) at day 3, 112.1% ± 1.2% at day 14, 125.9% ± 1.7% at day 28, and 143.8% ± 1.1% at day 56 after irradiation (6 rats per group). Although these values were still lower than those in the control group (gray shading), significant effects between each time point were detected [F (3, 76) = 165.4, P < 0.01]. Meanwhile, LTP in juvenile rats remained inhibited (relative to baseline) even at 8 weeks after irradiation (101.5% ± 1.1% at 14 days, 100.6% ± 1.0% at 28 days, and 100.0% ± 0.9% at 56 days after irradiation [6 rats per group]), and no changes were detected during this period [F (3,76) = 1.063, P = 0.370]. (E) Histogram of the relative amplitudes of post-stimuli pulses from adults and juveniles at each time point. **P < 0.001 vs adult rats.
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by memantine pretreatment in both adult and juvenile rats. LTP amplitudes increased to 131.3% ± 1.0% of baseline in adults (Fig. 3A) and 135.9% ± 0.9% of baseline in juveniles, findings similar to, but still below, those of the sham controls. Similar results were obtained in adult and juvenile rats 4 weeks after irradiation. No changes in LTP amplitude were found between 3 days and 28 days after irradiation in either adults or juveniles pretreated with memantine ( Fig. 3B-C) .
We also gave memantine at 1 hour and 25 hours after irradiation to adult rats and tested its effects on LTP. Unlike the positive effects noted when memantine was given before irradiation, no protective effects were seen when memantine was given after radiation. Giving memantine after irradiation did not affect the RT-induced decrease in LTP: LTP amplitudes were greatly depressed to 104.2% ± 1.1% of baseline and were significantly lower than in the memantine-pretreated rats (138.8% ± 1.8%, n = 6, P < 0.001), and equivalent to the baseline values [F (2,57) = 3.24, P > 0.05] (Fig. 3D) .
Discussion
In the present study, we found that cranial irradiation inhibited hippocampal-PFC LTP in both juvenile and adult rats, but this inhibition persisted only in animals irradiated as juveniles. Memantine, a noncompetitive NMDAR antagonist that has shown promise for preventing radiationinduced cognitive deficits, 21 blocked radiation-induced deficits in LTP in both juvenile and adult rats, but only if it was given before radiation. Our observations provide the first direct evidence of impaired connectivity between brain regions after radiation; specifically, they reveal that radiation has acute and early delayed effects on synaptic plasticity in a non-neurogenic brain region. Previous explorations of radiation-induced cognitive impairment have focused largely on the loss of proliferative cells, damage to vascular endothelia, or microglial activation. [22] [23] [24] [25] However, patients receiving cranial RT can have significant cognitive impairments even without detectable anatomic abnormalities. 26 A new line of study now focuses on radiation-induced alterations in neuronal function, particularly synaptic plasticity. Brain irradiation has been linked with changes in hippocampal synaptic strength, 27 expression of the immediate-early gene activity-regulated cytoskeleton-associated protein (Arc), 15 and expression of NMDAR subunits, 28 but most of the evidence generated to date has been collected from hippocampal slice preparations. 29, 30 Beyond the hippocampus, the PFC participates in numerous cognitive functions, including decision making, learning, working memory, and goal-oriented behavior, all of which may be negatively affected by radiation. 31 Functional imaging of patients with psychiatric disorders revealed marked aberrations in the structure, activation, and functional coupling in this hippocampal-PFC pathway, 32 suggesting that hippocampal-PFC communications are critical in several aspects of cognition 10, 11 and are sensitive to insult. 33 LTP is one of several phenomena underlying synaptic plasticity, which is the ability of synapses to change their strength. As memories are thought to be encoded by modification of synaptic strength, LTP is widely considered one of the major cellular mechanisms underlying learning and memory. Therefore, LTP at such an important neuronal pathway likely reflects a mechanism for increasing synaptic strength, leading to selective stabilization of neural connections. 12 Radiation-induced brain injury is typically considered in terms of acute, early-delayed, and late phases. In patients acute and early-delayed injuries manifest within days to about 6 months after irradiation; many are reversible or can resolve spontaneously. 13 Such injuries could arise from transient demyelination, subcortical microvascular damage, or changes in synaptic structure. Late injuries, by contrast, are typically thought to be irreversible and likely involve a reduction in the proliferative capacity of glial or vascular endothelial cells; however, late changes in synaptic structure and function may also contribute to persistent deficits in cognition. Our purpose in this study was to investigate synaptic plasticity in a rodent model at various intervals after irradiation, focusing primarily on acute and early-delayed, but also late, radiation effects. Our findings constitute direct evidence that cranial irradiation has acute effects on neuronal pathway plasticity that resulted in persistent late injuries in juvenile rats ( Fig. 2 and Supplementary Figure S2 ). We identified a striking age dependence in sensitivity to radiation-induced inhibition of LTP in the hippocampal-PFC pathway: LTP was eliminated at day 3 after cranial radiation exposure in both adult and juvenile rats. Although LTP was largely restored during the following weeks in adult rats, LTP inhibition was still evident even 5 months after radiation exposure in juvenile rats (Supplementary Figure S2) , consistent with significant late effects. Our results are in line with those previous findings showing that juveniles are more sensitive to cranial irradiation than adults. 3, 34, 35 Tomé and colleagues summarized and systematically compared 48 recent studies of the behavioral effects of radiation-induced cognitive deficits in rodents, including 13 studies in which researchers treated 3-to 4-week-old or 8-week-old rodents with a single dose of 10 Gy, as we did here. 16 A trend was evident that neonatal and juvenile subjects generally were more susceptible to cognitive deficits and more likely to have permanent dysfunction after radiation exposure, consistent with previous conclusions. 13, 36 NMDARs are important contributors in the regulation of neuronal plasticity. 37 The phosphorylation-dependent recruitment of NMDARs to the postsynaptic membrane results in increased synaptic efficacy, as revealed in an increase in LTP. 28, 38 We previously reported irradiation led to removal of NMDARs from the cell surface and insertion of inhibitory gamma-aminobutyric acid receptors (GABARs) into the plasma membrane. 5 One explanation for the variation in restoration capacity (and hence the response to neuronal plasticity to irradiation) between juvenile and adult rats may reflect the different responses of glutaminergic receptors to irradiation. A study recently reported irradiation of the juvenile brain results in longterm alterations in the response to high-frequency stimulation, provoking a shift from LTP to long-term depression in the dentate gyrus. 39 Those authors attributed this longterm alteration in synaptic strength to the depletion of adult-born granule cells, which generally exhibit weaker and even silent glutamatergic synapses relative to mature granule cells. 40, 41 Other evidence supporting our explanation, that various responses of glutaminergic receptors may contribute to the age-dependent alteration in neuronal plasticity, comes from our experiments with the NMDA inhibitor memantine. Memantine is used to treat vascular and Alzheimer dementias. Given the clinical similarities between these conditions and radiation-induced cognitive impairment in adult patients, memantine has also been tested for its ability to prevent such deficits in adult patients being treated for brain cancer. In one study, memantine had protective effects against radiation-induced cognitive dysfunction in patients with brain metastases. 21, 42 Another pilot study, in which 14 patients underwent dynamic contrast-enhanced MRI to assess changes in vascular permeability after whole-brain RT, showed that memantine could protect the cerebral vasculature from radiation damage. 43 However, memantine is rarely used in preclinical studies of radiationinduced brain injury, and clinically a recent survey indicated that few radiation oncologists in the United States use memantine for patients receiving whole-brain RT. 44 We previously reported that memantine prevented or minimized radiation-induced changes in synaptic structures in hippocampus cultures 7 ; we are currently investigating the behavioral consequences of this action. In the current study, we found that giving memantine before irradiation effectively reduced the RT-induced inhibition of LTP at the hippocampal-PFC connection in both adult and juvenile rats. This neuroprotective effect was observed as long as 4 weeks after the irradiation. However, giving memantine to rats that had already received cranial irradiation had no protective effect.
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Another proposed explanation for age-dependent sensitivity to radiation is an increase in apoptotic cells with a corresponding decrease in proliferating cells in juvenile rats. 45, 46 Neuroinflammatory responses have also been implicated in radiation-induced brain injury and seem to differ in adult versus juvenile animals. Activated microglia, serving as brain macrophages, were increased at 2 months after a single 10-Gy dose of whole-brain irradiation in adult rodents, 47, 48 but in juvenile rodents, microglia increased only transiently at 6 hours after irradiation, followed by a decrease at 1 week and at subsequent time points. 49, 50 These findings suggest that juvenile rodents may be susceptible to different forms of radiation-induced neuroinflammation that damages the central nervous system. To the best of our knowledge, ours is the first study that indicates an age difference in terms of synaptic plasticity at hippocampal-PFC connections evoked by cranial irradiation.
In summary, we found that cranial irradiation inhibited hippocampal-PFC LTP in both juvenile and adult rats, but this inhibition persisted only in animals irradiated as juveniles. Our observations provide the first direct evidence of impaired connectivity between brain regions after radiation; specifically, they reveal that radiation has acute, early-delayed, and late effects on synaptic plasticity in a non-neurogenic brain region. Such effects could contribute to the cognitive dysfunction observed after RT in pediatric patients. Our finding that memantine had protective effects when administered before, but not after, irradiation implicates excitotoxicity in radiation-induced synaptic damage. It also has important clinical implications, in that patients may be expected to benefit only if the drug is given before RT. Finally, our discovery that memantine had a prolonged protective effect in juveniles is important, because to date memantine has demonstrated modest protective effects, but only in adult patients. 19 However, if memantine is given to pediatric patients who are to receive cranial irradiation, its protective effects on cognitive function may be of even greater magnitude.
Supplementary Material
Supplementary material is available at Neuro-Oncology online. 
Funding
